A simple heuristic model was developed to demonstrate the major characteristics of impinging particles prior to impact and during the spreading stages. It is based on the determination of transfer functions be tween the powder particle size distribution and splat equivalent diameter distributions. The input data consist mainly of the aforementioned distributions, determined experimentally using a particle size ana lyzer for powder particle size analysis and the wipe test for splat equivalent diameter analysis. Output data relate to the major characteristics of the impinging particles: flattening degree, intrinsic deposition efficiency, impact velocity, etc. Comparisons of the model predictions with experimental data showed rea sonable agreement. Implementation of this simple protocol provides understanding of interactions dur ing the process and also has technological and economical impacts. It permits quality control (QC) of deposition efficiency by control of splat morphologies and aids in the definition of specifications for the powders used (for example, in terms of the lower and upper limits of the particle size distribution leading to the formation of a deposit with given processing parameters) allowing the optimization of the spray pa rameters to obtain high-integrity deposits.
Introduction
ALTHOUGH COMMONLY used in industry for many years, direct current (DC) plasma spraying, especially in the form of vacuum plasma spraying (VPS), is still an empirical technology because of its complexity (more than 50 macroscopic parameters control the process). For example, the influence of coating microstruc ture on mechanical properties is not well understood. Other un knowns are the relationships between macroscopic spray parameters and coating microstructure. However, new applica tions, such as VPS forming of free-standing shapes, require bet ter knowledge and control of coating formation.
Thermal spray technology, especially the use of plasma jets, is an innovative method in the materials processing field. The main advantages are versatility (spraying numerous materials: metallic alloys, ceramics, polymers, etc.) and the ability to build coatings on the surface of a great variety of substrates. Many ap plications include protection against corrosion oxidation, ther mal barrier coatings (TBC); protection against wear, functional graded coatings (FGC); and free-standing forms with a range of thicknesses.
To obtain "good" quality deposits, all impinging particles, or at least the matrix of composite particles, deposited on the sur face of the substrate (or on the top of the previously deposited Journal of Thermal Spray Technology layers) must be melted or in a plastic state at the instant of im pact. As a consequence, a major difficulty in the process is deter mining a trajectory and a suitable dwell time for particles in the plasma flame to transfer enough heat to allow melting of the feedstock materials and to achieve a velocity that permits forma tion of splatting on the surface to be coated. This paper describes a simple heuristic model, which has been developed to approximate several known characteristic properties of the impinging particles leading to the formation of a thick deposit including flattening degree, impact velocity, and 
Experimental Procedure and Preliminary Results

Experimental Procedure
Material Characterization
The feedstock was a nickel-base alloy, known as Astroloy, of the chemical composition listed in Ta ble 1, and of the particle size distribution, measured with a laser particle size analyzer, shown in Fig. I . The particle morphology, illustrated in Fig. 2 , is spherical. This shape is ty pical of a gas-atomized powder.
Processing Parameters
Two sets of experiments were conducted. One set studied the effects of the spray parameters, and the other studied the effects of the spray angle. The flattened particle morphology study used Table 2 Taguchi LS-2  7 alias structure   Test  A   TAO!   TA02  +   TA03   TA04  +   TA05   TA06  +   TA07 TAOS polished, pure copper substrates (ground with 600 grit SiC pa per, followed by diamond slurry polishing using, in sequence, S, I, and 0. 1 J.lm sized diamonds giving surface roughnesses, Ra, from 0.1 to 0.3 J.lm).
Thick deposits were sprayed using the same parameters.
Here, the substrates were grit blasted (alumina particles of 300 J!m average diameter), alcohol rinsed, and ultrasonically cleaned. After grit blasting, the substrate Ra ranged from 2 to 3 J!m.
The powder was vacuum plasma spray (VPS) processed in an inert residual atmosphere of argon, using a PT-VPS A-2000 system with a F4-VB torch (Sulzer-Metco AG, Rigackerstrasse 16, 5610 Wohlen, CH). In every case, the relative gun/substrate velocity was kept constant at I m · min-1 • The influences of the spray parameters were studied using Taguchi statistical experi mental design. Design and the spray parameter sets, published in Ref 2 and 3, are summarized in Table 2 (Taguchi LS-2 7 alias structure) and in Table 3 (spray parameters for VPS deposition).
Five different spray angles were also tested to determine their in fluence at 90, 75, 60, 45, and 30 degrees. Spray angle was de fined as the angle between the axis of the plasma gun and the surface of the substrate, in the plane orthogonal to the gun dis placement, as illustrated in Fig. 3 . Gun displacement was nor mal to the reference plane. Using this method, possible distortions of splats induced by the gun displacement did not in terfere with those induced by the spray angle. For the spray an gle testing, a "reference" spray parameter set was used, as listed in Table 4 . TA02   TA03   TA04   TAOS   TA06   TA07   TAOS from the splats, generated on impact, and unity resulting from the absence of such projections. The mathematical relationships of these shape factors are as follows:
where A is the area of the selected feature, Lis the longest dimen sion, and P is the perimeter, as shown in Fig. 4 . Due to mathe matical definitions, there is a relationship between the elongation factor and the degree of splashing, as illustrated in brown corundum surface to be tested l Angle between the centerline ax1s of the nozzle and the surface to be eroded Table 6 Deposit characteristics for different spray parameter sets 
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Test TAO! TA02 TA03 TA04 TAOS TA06 TA07 TAOS TA09(b) Porosity level, % --------------
Deposit Microstructure Characterization
Thick sprayed deposits were cross-sectioned to make smaller coupons using a low-speed diamond saw in an oil medium. The coupons were de greased by immersion in alcohol and by place ment in an ultrasonic cleaner. Next, they were mounted in epoxy rings, ground, and polished (grinding with 240 grit SiC paper followed by diamond slurry polishing using, in sequence, 45, 9, 
Erosion Wear Testings
Erosion wear resistance of the thick deposits was deter mined, not to measure resistance, but to characterize cohesion. A high erosion wear resistance always indicates a high level of co hesion of the deposit. Figure 8 describes the experimental de vice. A brown corundum grit flows through a nozzle and is accelerated by compressed air towards the surface to be eroded;
it impacts on the surface at a 45° angle. Erosion wear resistance is then expressed as the weight loss per unit time (mg · min-1) of the specimen. Table 5 summarizes processing parameters used for this work. Gaussian analysis was used to assess the regularity of the data. The mean value (or expected value), jl, and the standard deviation, cr, are used and defined as follows:
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wheref(x) is the probability density function of the distribution.
The standard deviation is the measure of the absolute variation of data and depends on the scale of measurement All x signifies that the summation is done for "all x" (all valuesof the adjusted data) of the considered data.
Preliminary Results
Effects of the Spray Parameters
Experimental effects of the spray parameters on the splat morphologies can be found in Ref 2 and 3. Table 6 lists the ef fects of these parameters on deposit characteristics (mainly po rosity level), erosion wear resistance, and deposition efficiency.
Concerning erosion wear tests, weight loss of several Ta guchi specimens is similar, with a 1.5 mg · min-1 average value. Results indicate reasonable cohesion of the deposits, ex cept for the TA02 deposit, which exhibits a significantly higher weight loss (2.1 mg · min-1).
Effects of the Spray Angle
Data relative to the effects of the spray angle on the splat mor gle on deposit characteristics (porosity level, erosion wear resis tance, and deposition efficiency) are listed in Table 7 .
Clearly, the spray angle significantly affects deposition effi ciency; the lower the spray angle, the lower the deposition effi ciency. The effect of spray angle on erosion wear resistance is also significant; the lower the spray angle, the higher the weight loss of the specimens and the lower the deposit cohesion.
Basis of the Heuristic Model
Heuristic Model
Cumulative probability distribution of splat equivalent di ameters, F(x'), can be correlated with the cumulative probability distribution of the powder particle sizes, F(x), through a theo retical transfer function, as illustrated in Fig. 9 . The diameter of a powder particle, d, which could lead to formation of an ob served splat of ED, can be calculated. Transfer functions need to be determined for the experimental sets. In this work, transfer functions were found to be similar because the equivalent di ameter distributions were also similar; the spray parameter sets were close to the reference spray parameter set.
Knowledge of transfer functions, powder particle size distri bution, and equivalent diameter distributions makes it possible to analyze the deposit formation process, by iteration, as illus trated in Fig. 10 .
Assuming that splats exhibit a constant thickness along a ran dom cross section, and, conversely, have the same volume as in itial powder particles, the theoretical splat thicknesses can be determined as follows:
where Vis the volume of an initial powder particle and A is the area of the resulting splat. tween the dimensionless Reynolds number and the splat equiva lent diameter on the powder particle initial diameter ratio. These relationships are expressed as follows:
Knowledge of the Reynolds number of an impinging particle permits estimation of impact velocity if the kinetic viscosity of the molten material is known:
where di s the powder particle initial diameter, Re is the cor responding Reynolds number, and v is the kinetic viscosity.
Kinetic viscosity is critical in the experimental determination Table 8 Comparison between calculated splat thickness values and experimental results TAOl   TA02   TA02   TA03   TA03   TA04   TA04   TAOS   TAOS   TA06   TA06   TA07   TA07 TA09 ( 
Assumptions
The heuristic model is based on the following assumptions.
The initial powder particle volumes are known and can be deter mined in this specific case because the initial powder particles exhibit near-spherical shapes.
There is no significant vaporization of powder particles dur ing flight within plasma plume, that is, the mass conservation principle between the initial powder particle and the resulting splat.
At low pressure, when the ratio of the atomic/molecular mean free path to the particle diameter becomes higher than 0.01, the Knudsen effect, or "rarefaction" effect, may signifi 0000 -lo--1.� ;;;_. .. .. Powder particles of the same diameter show the same behav ior within the plasma plume (that is, the same dwelling time, tra jectory, thermal history, and velocity on impact).
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Results and Discussion
Model Validation
Splat thicknesses (average values) were calculated using Eq 6, from determination of the equivalent diameter distributions and the transfer functions. Figure 11 shows the evolution of the splat thicknesses as a function of the calculated initial powder particle diameter for the various spray parameter sets (TAO 1 to TA09). The calculation shows that the splat thickness varies from approximately lj.lm to 12.5j.lm. Spray parameters seem to have no significant effect on the resulting thickness of the small est splats, indicating that impact velocities are probably identi cal. Figure 12 illustrates the dependence of the ratio of splat thickness to the initial powder particle diameter (Tid ratio) on the initial powder particle diameter. Splat thickness is 6 to 40 times lower than the diameter of its original powder particle.
The higher the Tid ratio (the larger the initial powder particle), 
Deposition Efficiency
In thermal spraying, the intrinsic deposition efficiency is never equal to one. The intrinsic deposition efficiency is the highest efficiency that can be reached for a given feedstock and processing parameters. It does not consider substrate morphol ogy or gun motion; it differs from the apparent deposition effi ciency on actual shapes, known as target efficiency. A fraction of the injected feedstock does not become part of the deposit. It is interesting to calculate, a posteriori, the size distribution of the powder particles that lead to the formation of the collected splats by means of the transfer functions. Calculated secondary parti cle size distributions can be compared with the initial particle size distribution, determined experimentally (in this work, the size range is 5 to 88j.lm, and the average diameter is 37 j.lm).
For each spray parameter set (TAOI to TA09), the calculated secondary particle size distributions, as well as the initial parti cle size distribution, are presented in Fig. 13 . Spray parameters have a noticeable effect on the fraction of the particle size distri bution effectively used to form splats; Fig. 14 Finally, the high surface roughness (Ra) of the thick deposit (3 �-tm average value versus 0.2�-tm average value for the wipe test)
can disturb the particle spreading mechanisms, as demonstrated by Smith et al. (Ref 22) . In spite of previous limitations, this method can be easily implemented for optimization. It can be used to define size specifications for the powder and to optimize particle size distribution to minimize the loss of powder.
One assumption of the model is a constant thickness of the splats along a random cross section. This is not true for particles impacting with an off-normal spray angle because the particle profiles are wedge-shaped in the impact direction (Ref 11 ). The lower the spray angle, the more wedge-like the splat thickness profile becomes (wedge angle from oo for a 90° spray angle to I oo for a 300 spray angle). Moreover, the wedge angle of the se lected splats exhibits a near perfect linear dependence on the spray angle. The effect of the spray angle on the secondary par ticle size distribution is displayed in Fig. 16 . The lower the spray angle, the smaller the particle size distribution, leading to the formation of splats. of the secondary particle size distributions for each spray angle, while the diameter of the smallest powder particles (particles smaller than l5J.1m average diameter), which do not splat, is in dependent of the spray angle. The diameter of the largest powder particles is significantly affected by the spray angle. To a first approximation, this latter value remains constant when the angle changes from 90° to 60° and then dramatically decreases when the angle changes to 30°.
The lower the spray angle, the less important is the kinetic en ergy available for spreading the particle, due to decrease of nor mal velocity, as illustrated in Fig. 18 . Meanwhile, the tangential component of the velocity will induce deformation of the splat in the direction of the angle, which will interfere with the spread ing mechanism. This effect was not accounted for in the present work and emphasizes the concept of critical impact velocity. Re sults for intrinsic deposition efficiencies (both calculated and measured deposition efficiencies) are presented in Fig. 19 . 
Impinging Particle Impact Velocity
The impact velocities of the impinging particles that led to the formation of the observed splats were determined using Eq
Journal of Thermal Spray Technology I 0. For example, Fig. 24 illustrates the dependence of the impact velocities of the particles (as a function of the splat equivalent diameter) on the ratio of the splat equivalent diameter to the in itial powder particle diameter (ED/d ratio), for spray parameter sets TAO! to TA09, following Yoshida's relationship. By curve fitting, these evolutions can be described by a generic relation ship, as follows:
where a is a constant equal to -5 x w-3. These results can be 
Splat equivalent diameter I particle initial diameter The dimensionless Weber number establishes a relationship between the surface tension and the viscosity of a liquid; the lower the Weber number, the lower the effects of surface tension compared to those of kinetic energy. This number was calcu lated for each powder particle that became an observed splat, us-164--Volume 6(2) June 1997 ing Eq 11 and for an impact velocity calculated using Yoshida's relationship. Figure 26 displays the dependence of the dimen sionless Weber number on the ratio of the splat equivalent di ameter to the initial powder particle diameter (ED/d ratio) for spray parameter sets TAOl to TA09. By curve-fitting, this func tion is described as follows:
We =a lOb ED!d (Eq 13) where a is equal to -2 x w-5, and b is approximately equal to unity. It appears that the lower ED!d ratio (the higher the powder particle initial diameter), the lower is the corresponding Weber number and the less significant are the effects of surface tension on the particle spreading/flattening compared to the effects of kinetic viscosity. Splashing of particles is linked, in part, with the surface tension and the kinetic viscosity. McPherson pre dicted splashing particles when the Weber number is greater than 80 (Ref 27) . This specific limit does not seem to be applica ble to the tests performed in this work; the analyzed splats al ways showed some splashing. Nevertheless, the same tendency is observed; thus, the particles characterized by low Weber num bers tend to exhibit lower degrees of splashing, as illustrated in 
Conclusions
In thermal spraying, spreading the impinging particles onto a substrate is a fundamental process in deposit formation. Physi This efficiency is the maximum that can be obtained for a given particle size distribution and for given processing parameters 
